Energy-saving spintronic is believed to be implementable on a systems hosting persistent spin helix (PSH) state since they support an extraordinarily long spin lifetime of carriers. However, achieving the PSH state requires a unidirectional spin configuration in the k-space, which is practically non-trivial due to the stringent conditions for fine-tuning the Rashba and Dresselhaus spin-orbit couplings. Here, we predict that the PSH state can be intrinsically achieved on a two-dimensional (2D) group-IV monochalcogenide M X monolayer, a new class of noncentrosymmetric 2D materials having in-plane ferroelctricity. Due to C 2v point group symmetry in the M X monolayer, the unidirectional out-of-plane spin orientations are preserved, inducing a PSH state that is similar to the [110] Dresselhaus model in the [110]-oriented quantum well. Our first-principle calculations on various M X (M : Sn, Ge; X: S, Se, Te) monolayers confirm that this PSH state is observed in the valence band maximum having a substantial spin splitting, which supports to the nanosized wavelength of the spin polarization. Importantly, we observe reversible out-of-plane spin orientations under opposite in-plane ferroelectric polarization, rendering that an electrically controllable PSH state is achievable, which is important for an efficient nanoscale spintronic devices.
I. INTRODUCTION
Recently, manipulation of non-equilibrium materials by spin-orbit coupling (SOC) attracted considerable scientific interest owing to its potential application in spintronics 1 . The SOC allows to control the spin degree of freedom, which induces various important phenomena such as current-induced spin polarization 2 , spin Hall effect 3 , spin galvanic effect 4 , and spin ballistic transport 5 , thus giving rise to a practical spintronics device. In a system with lack of inversion symmetry, the SOC leads to an effective magnetic field or known as a spinorbit field (SOF) acting on spin, so that the effective SOC Hamiltonian can be expressed as
where Ω is the SOF vector, k is the wave vector representing momentum of electrons, σ = (σ x , σ y , σ z ) is the Pauli matrices vector, and α is the strength of the SOC that is proportional to magnitude of local electric field E induced by the crystal inversion asymmetry. Therefore, the SOC leads to a spin-split bands having a spesific spin orientations in the momentum k-space, as was firstly demonstrated by Dresselhauss 6 and Rashba 7 .
In the spintronics device operation such as spin-field effect transistor (SFET) 8 , the SOC plays an important role for inducing spin precession and spin-polarized currents. However, it also breaks the spin rotation symmetry 10 , which induces the decay of spin polarization, thus is not beneficial for the spin lifetime. In a diffusive transport regime, momentum-dependent of the SOF simultaniously induces electron scattering and spin randomization, leading to the fast spin decoherence through the Dyakonov-Perel spin-relaxation mechanism 9 . As a result, the spin lifetime significantly decreases, playing a detrimental role in losing spin information.
Therefore, finding a novel structure supporting an extended spin lifetime is a challenging issue in spintronics.
A possible way to overcome this obstacle is using persistent spin helix (PSH) systems 10, 11 .
The PSH state is established on a system having a unidirectional spin orientations in the k-space, maintaining the SU (2) spin rotation symmetry. Therefore, spin-independent scattering is robust againts and renders an extremely long spin lifetime 10, 12 [13] [14] [15] [16] [17] [18] , it is practically non-trivial due to the stringent conditions for fine-tuning the Rashba and Dresselhaus spin-orbit couplings. Therefore, it would be desirable to find a new class of material which intrinsically supports the PSH state.
In this paper, we show that the PSH state can be intrinsically achieved on a twodimensional (2D) group-IV monochalcogenide M X monolayer, a new class of noncentrosymmetric 2D materials having in-plane ferroelctricity [24] [25] [26] [27] . We find that due to C 2v point group symmetry in the M X monolayer, the unidirectional out-of-plane spin orientations are pre- In our DFT calculations, we considered ferroelectric phase of the M X monolayer having black phosporene-type structure 38, 39 . We used a periodic slab to model the M X monolayer, where a sufficiently large vacuum layer (20Å) is applied in order to avoid interaction between adjacent layers. We used the axes system where layers are chosen to sit on the x − y plane, while the x axis is taken to be parallel to the puckering direction [ Fig. 1(a) ]. The geometries were fully relaxed until the force acting on each atom was less than 1 meV/Å. The optimizerelated structural parameters are summarized in Table 1 , where overall are in good agreement with previously reported data 38, 40, 41 .
III. RESULTS AND DISCUSSION
A. Symmetry-protected PSH state in M X monolayer
To predict the PSH state in the M X monolayer, we firstly derive an effective low energy
Hamiltonian by using symmetry analysis. As shown in Fig. 1(a) , the crystal structures of the M X ML has black phosporene-type structures where the symmetry group is isomorphic to C 
. This degeneracy appers due to time reversal symmetry T for which the For simplicity, let we assume that the little group of the wave vector k at the Q point belongs to the C 2v point group similar to that of the crystal in the real space. Therefore, the wave vector k and spin vector σ can be transformed according to the symmetry operation O in the C 2v point group and time reversal symmetry T . The corresponding transformation for the k and σ are listed in Table II . Neglecting the higher-order terms with respect to the k, we find that only the k x σ z term remains invariant under all the considered symmetry operations, leading to the SU (2) symmetry of the Hamiltonian:
This Hamiltonian is similar to [110] Dresselhaus model as previously reported by Bernevig et. al. 10 Solving the eigenvalue problem involving the Hamiltonian of Eq. (2) yields split spin-polarized states (labeled with + and -) with energies:
It is evident from Eq. (3) that the band dispersions show a highly anisotropic spin splitting
[ Fig. 1(c) ], which is characterized by the shifting property:
is the shifting wave vector. As a result, constant-energy cut shows the shifted two Fermi loops as shown in Fig. 1(d) .
It is noted here that due to the SU ( In the next section, we discuss our results from the first-principles DFT calculations on various M X (M : Sn, Ge; X: S, Se, Te) monolayers to confirm the above predicted PSH state.
B. DFT analysis of M X monolayer Overall, the calculated band gap [see Table I ] is fairly agreement with privious results under GGA-PBE level 38, 40 . Our calculated DOS projected to the atomic orbitals confirmed that the M -s and X-p orbitals contributes dominantly to the VBM, while the CBM is mainly originated from the contribution of the M -p and X-s orbitals.
Turning the SOC strongly modifies the electronic band structures of the M X monolayers wave vector k = (0, k y , 0) is parallel to the ferroelectric polarization along the y direction.
To analyse the properties of the spin splitting, we consider SnTe monolayer as a representative example of the M X monolayer. Here, we focus our attention on the VBM (including spin) around the Y point as highligted in Fig. 3(a) . Without the SOC, it is evident from the band dispersion that fourfold degenerate state appears at Y point [ Fig. 3(b) ]. Taking into To clarify the origin of the anisotropic splitting around the Y point, we discuss our system based on the symmetry argument. At the Y point, the little group of the wave vector k belongs to the C 2v point group 39 . As previously mentioned that the C 2v point group contains the C 2y rotation symmetry around the y-axis. Applying the C 2y rotation twice to the Bloch wave function, we have C 2 2y ψ k = e ikyb ψ k , thus we obtain that C We have found that the PSH states is intrinsically achieved on the M X monolayer, thus promising for a long life spintronic devices. However, for spintronic device operations, two parameters are required: (i) the SOC parameter (α) and (ii) wavelength (λ) of the spin-polarized states. The α parameter is useful to control spin precession for inducing spin-polrized currents, while the λ determines the size and scale of the spintronic devices.
To quantify the α parameter, we should consider the band dispersion along the Y -M line as given in Fig. 3(c) . Here, the α can be calculated according to the Eq. (3) through the relation: α = 2E R /k 0 , where E R and k 0 are the shifting energy and the wave vector as illustrated in Fig. 3(c) . On the other hand, the λ parameter can be obtained using the 10 , where m * is the electron effective mass calculated using the band dispersion along the Y -M line.
We summarize the calculated results of the α and λ in Table III polarization P . This is due to the fact that switching the in-plane ferroelectric polarization from P to − P is equivalent to the space inversion operation which changes the wave vector from k to − k, but preserves the spin vector σ 46, 47 . Suppose that ψ P ( k) is the Bloch state of the crystal with ferroelectric polarization P . Under the space inversion operation I, both the polarization P and the wave vector k are reversed so that
However, application of the time reversal symmetry T reverses only the k, while the P remains unchanged, leading to the fact that T I ψ P ( k) = ψ − P ( k) . The expectation values of spin operator S can now be calculated by
which indicates that the spin orientation can be reversed by switching the ferroelectric polarization. This analysis is in fact confirmed by our calculated results of the spin textures shown in Fig. 6 , where the fully reversal of the out-of-plane spin orientations is achieved under opposite in-plane ferroelectric polarization. Such an interesting property indicates that the electrically controllable PSH state can be realized, which is important for operation in the spintronic devices.
Thus far, we have found that the PSH state with large spin splitting is achieved in the M X monolayer. In particular, GeTe monolayer is promising for spintronics since it has the largest spin-orbit strength (α = 1.67 eVÅ) among the M X monolayer. Because the PSH state is achieved on the spin-split bands near the VBM [ Fig. 3(a) ], p-type doping for spintronics is expected to be realized. Moreover, by injection the hole doping into the valence band of the M X monolayer, it is possible to map the formation and evolution of the PSH state using near-filled scanning Kerr microscopy 48 , which allow us to resolve the features down to tens-nm scale with sub-ns time revolution. Finally, the hole-doped M X monolayer can also be applied to explore current-induced spin polarization known as a Edelstein effect 49 and associated spin-orbit torque 50 , rendering that the present system is promising for spintronic devices.
IV. CONCLUSION
In summary, by using first-principles DFT calculations, supplemented with symmetry analyses, we investigated the effect of the SOC on the electronic structures of the M X monolayer. We found that due to C 2v point group symmetry in the M X monolayer, the S, Se, Te) monolayers confirmed that this PSH state with a substantial spin splitting is observed in the VBM, supporting to the nanosized wavelength of the spin polarization.
More importantly, we observed a reversible out-of-plane spin orientations under opposite in-plane ferroelectric polarization, indicating that an electrically controllable PSH state can be realized that is promising for an efficient nanoscale spintronic devices.
Recently, there are a number of other 2D materials that are predicted to maintain the in-plane ferroelectricity and the C 2v symmetry of the crystals. Therefore, it opens a possibility to further explore the achievable PSH states in these materials. Among them are coming from the 2D elemental groupV (As, Sb, and Bi) monolayer with the puckered lattice structure 51, 52 . Therefore, it is expected that our predictions will stimulate further theoretical and experimental efforts in the exploration of the PSH state in the 2D-based ferroelectric materials, broadening the range of the 2D materials for future spintronic applications.
